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Abstract
In eusocial Hymenoptera, queens and their helper offspring should favour different sex investment ratios. Queens should prefer a
1:1 investment ratio, as they are equally related to offspring of both sexes (r = 0.5). In contrast, helpers should favour an
investment ratio of 3:1 towards the production of female brood. This conflict arises because helpers are more closely related
to full sisters (r = 0.75) than brothers (r = 0.25). However, helpers should invest relatively more in male brood if relatedness
asymmetry within their colony is reduced. This can occur due to queen replacement after colony orphaning, multiple paternity
and the presence of unrelated alien helpers. We analysed an unprecedentedly large number of colonies (n = 109) from a UK
population of Lasioglossummalachurum, an obligate eusocial sweat bee, to tease apart the effects of these factors on colony-level
investment ratios. We found that multiple paternity, unrelated alien helpers and colony orphaning were all common. Queen-right
colonies invested relatively more in females than did orphaned colonies, producing a split sex ratio. However, investment ratios
did not change due to multiple paternity or the presence of alien helpers, reducing inclusive fitness pay-offs for helpers. Queen
control may also have been important: helpers rarely laid male eggs, and investment in female brood was lower when queens
were large relative to their helpers. Genetic relatedness between helpers and the brood that they rear was 0.43 in one year and 0.37
in another year, suggesting that ecological benefits, as well as relatedness benefits, are necessary for the maintenance of helping
behaviour.
Significance statement
How helping behaviour is maintained in eusocial species is a key topic in evolutionary biology. Colony-level sex investment ratio
changes in response to relatedness asymmetries can dramatically influence inclusive fitness benefits for helpers in eusocial
Hymenoptera. The extent to which helpers in primitively eusocial colonies can respond adaptively to different sources of
variation in relatedness asymmetry is unclear. Using data from 109 colonies of the sweat bee Lasioglossum malachurum, we
found that queen loss, but not multiple paternity or the presence of alien helpers, was correlatedwith colony sex investment ratios.
Moreover, we quantified average helper-brood genetic relatedness to test whether it is higher than that predicted under solitary
reproduction (r = 0.5). Values equal to and below r = 0.5 suggest that relatedness benefits alone cannot explain the maintenance
of helping behaviour. Ecological benefits of group living and/or coercion must also contribute.
Keywords Investment ratio . Relatedness . Social evolution . Sweat bee
Introduction
Eusociality has evolved multiple times in insects (Wilson,
1971), especially in the order Hymenoptera (ants, bees and
wasps). Eusocial groups are characterised by a reproductive
division of labour, whereby queens produce most of the brood
while some of their offspring forgo reproduction in order to
help raise siblings. Nevertheless, there is potential conflict
between queens and helpers over issues such as male produc-
tion, queen tenure and the trait we will focus on here, the sex
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investment ratio (Trivers and Hare, 1976; Bourke, 1994;
Ratnieks et al., 2006; Ratnieks and Reeve, 1992). The sex
investment ratio preferred by helpers depends on various fac-
tors. In haplodiploids, helpers are more closely related to their
full sisters (r = 0.75) than their brothers (r = 0.25), so that un-
der queen monogamy and helper sterility, they should favour
an investment ratio of 3:1 towards the production of female
brood (Trivers and Hare, 1976). However, between-colony
differences in relatedness asymmetries can alter the optimum
investment ratio for helpers (Boomsma, 1991; Pamilo, 1991).
Relatedness asymmetries are reduced by the death of queen
(i.e. where a helper replaces the queen as the primary repro-
ductive: Chapuisat and Keller, 1999; Meunier et al., 2008;
West, 2009), by multiple paternity (Ratnieks and Boomsma,
1996) and by the presence of unrelated ‘alien’ helpers (Pfeiffer
and Crailsheim, 1998; Soro et al., 2009). Helpers should then
invest relatively more in the production of male brood, or be
more likely to lay their own male eggs, in order to maximise
their inclusive fitness. In line with this, evidence from studies
of bees, wasps and ants suggest that helpers can adjust the
investment ratio to some degree, depending on their percep-
tion of genetic structure within the colony (Packer and Owen,
1994; Ross and Matthews, 1989a, 1989b; Sundström, 1994;
Sundström et al., 1996), although other studies of bees and
ants have found no evidence for helper adjustment of colony
investment ratios (Paxton et al., 2002a; Fjerdingstad et al.,
2002; Foitzik et al., 2010). It is possible that the extent of
helper control depends on the source of variation in related-
ness asymmetry and the cues used to assess it. For example, it
is plausible that helpers might respond to the death of the
queen (normally a noticeably larger individual), but are unable
to recognise more subtle differences in relatedness asymme-
try, such as when brood are sired by different fathers (Soro
et al., 2011). A meta-analysis based on a small number of
studies in social Hymenoptera found that the extent of sex
allocation adjustment did not depend on the source of related-
ness asymmetry variation (Meunier et al., 2008), but more
research combining estimates of investment ratios and relat-
edness are needed. If helpers are unable to respond to all
sources of variation in relatedness asymmetry, then this could
severely limit their inclusive fitness benefits.
Helper inclusive fitness could also be limited if queens
are able to gain control of the investment ratio. Queens are
related to male and female offspring equally (r = 0.5) and
therefore favour a 1:1 investment ratio. In haplodiploids,
mothers can directly control the sex of individual offspring
through whether they release sperm to produce a fertilised
(female) egg or an unfertilised (male) egg. Queens could
therefore manipulate helpers into rearing more males by
altering the primary offspring sex ratio. Nonetheless, it is
common to observe investment ratios that are biased to-
wards females, which may indicate helper control
(Bourke and Franks, 1995; Chapuisat and Keller, 1999;
Trivers and Hare, 1976), although more recent research
suggests that shared control is more likely, with investment
ratios intermediate between queen and helper optimal
values (Mehdiabadi et al., 2003).
As well as potentially influencing investment ratios, genet-
ic relatedness is a key factor in the maintenance of eusociality
itself. In order for relatedness benefits alone to favour helping,
we should expect to see high helper-brood relatedness across
colonies (r > 0.5). However, data from primitively eusocial
insects are limited and so far show mixed results, with some
studies reporting high (Crozier et al., 1987; Kukuk, 1989;
Ross and Matthews, 1989a, 1989b), and others lower esti-
mates of nest mate relatedness (Packer and Owen, 1994;
Brand and Chapuisat, 2016; Gadagkar, 2016; Sumner et al.,
2007). If relatedness benefits are not sufficiently high, then
additional ecological advantages of group living might also
be required to explain the maintenance of helping behaviour.
Such benefits include insurance-based advantages of helping
(Bull and Schwarz, 2001; Field et al., 2000; Gadagkar et al.,
1990; Queller, 1994) and increased probability of successful
reproduction (Dunn and Richards, 2003; Hogendoorn and
Zammit, 2001; Leadbeater et al., 2011; Yagi and Hasegawa,
2012). Helpers might be also be manipulated into helping at
their natal nests (Richards et al., 1995; Lopez-Vaamonde
et al., 2004; Leadbeater et al., 2011). For example, if queens
manipulate the developmental trajectories of helper offspring
through nutrition, so that helpers are small, then helpers might
have reduced chance of success if they attempt to initiate their
own nests (Alexander, 1974; Couchoux and Field, 2019).
Sweat bees (Hymenoptera: Halictidae) include species
displaying diverse social behaviours, including strictly soli-
tary, facultatively eusocial and obligately eusocial species
(Schwarz et al., 2007). In social sweat bees, there is a low
degree of caste dimorphism and all individuals, including
helpers, retain the ability to reproduce (Wyman and
Richards, 2003; Richards et al., 2005). The obligately eusocial
Lasioglossum malachurum has been well studied and is con-
sequently an ideal system for testing theories about the main-
tenance of eusociality. Queen replacement by helpers is well-
documented in sweat bees (Boomsma, 1991; Packer and
Owen, 1994; Yanega, 1989), but has not been explicitly stud-
ied in L. malachurum, although helper ovary development and
occasional helper reproduction have been found in queen-
right colonies (Wyman and Richards, 2003; Richards et al.,
2005; Strohm and Bordon-Hauser, 2003). Multiple paternity
(Cole, 1983; Ratnieks and Boomsma, 1996; Soro et al., 2009)
and the presence of alien helpers (Paxton et al., 2002b;
Richards et al., 2005; Soro et al., 2009) have also been docu-
mented in sweat bees, including L. malachurum. However,
data on colony-level investment ratios combined with related-
ness estimates within a population are limited in sweat bees
(Packer and Owen, 1994) , and do not exis t for
L. malachurum. It is thus unclear as to what extent helpers
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of most species are able to adjust investment ratios in response
to colony genetic structures. We used microsatellite genotyp-
ing of adults and brood, combined with weight measurements
of male and female pupae, to determine investment ratios
across more than 100 colonies from a site in the UK. Using
these data, we (1) compared colony-level investment ratios in
queen-right versus orphaned colonies; (2) tested for correlates
of variation in the investment ratio in queen-right colonies,
including the proportion of alien helpers, the number of fa-
thers and overall helper-female brood relatedness; (3) quanti-
fied the average relatedness of helpers to brood, both in queen-
right and orphaned colonies.
Materials and methods
Study species and study site
We studied L. malachurum at an aggregation in Knepp
Rewilding Estate in Sussex, UK, over two successive years
(2017 and 2018). This species forms annual colonies,
consisting of underground nests in patches of bare soil. Our
site was a track-way used by people and occasional vehicles,
with a south-facing aspect, low-exposure and a mild climate.
Within the ca. 20 m × 5 m site, thousands of nests could be
found, which is not unusual for L. malachurum (Knerer,
1992). The following summary of its life cycle is based on
Packer and Knerer (1985). The season begins with a founding
phase in early spring, where overwintered, mated females
(potential queens) emerge to start nest building. Potential
queens work alone to excavate a burrow and mass provision
a cluster of ~ 5 sealed brood cells with pollen, each containing
a single first brood (B1) offspring. In this study, all of the B1
offspring were female, although previous research at other
sites has sometimes found a low percentage (< 3%) of males
in the B1 brood of L. malachurum. B1 females emerge in early
summer and remain in the colony as helpers, provisioning a
B2 brood consisting of reproductives of both sexes. During
this time, queens remain almost exclusively inside the nest
and dominate reproduction. In late summer, B2 reproductives
emerge from the nest and mate.Males are short-lived, whereas
females overwinter after mating and re-start the nesting cycle
the following spring.
In the winter prior to each field season (2017 and 2018),
14-L plastic buckets were embedded into the ground and
filled with the excavated soil. To aid drainage, buckets had
holes cut into the base, which were covered by fine mesh
gauze. During the founding phase, we marked the position
of nests within buckets with numbered nails either side of
the nest entrances. Colonies that had successfully produced
B1 helper offspring were monitored daily (2017: n = 35;
2018: n = 74).
Group size
We determined group size for a subset of queen-right colonies
(n = 23 for 2017 and n = 36 for 2018). The group size for a
given day for each nest was measured by video recording bee
activity at the nest for a full day. Cameras (Sony HDR-
CX625) were placed on tripods > 1 m from the bucket and
pointed towards the nest entrance. Recording took place dur-
ing the active foraging period from 9 am until 6 pm. To min-
imise nest disturbance, all tripods and cameras were set up by
8 am, prior to helpers leaving the nest and orientating them-
selves. Equipment was taken down after 6 pm, by which time
helpers would typically have returned to the nest. Videos were
played back (QuickTime version 10.5) at a maximum of 10×
speed. After recording the sequence of helper arrivals and
departures, we estimated the size of the group as the maximum
number of helpers that were away from the nest during the
day.We determined the maximum group size from an average
of 3.5 ± 0.1 days of filming per nest from 2017 and an average
of 2 ± 0 days per nest from 2018. In 2018, although the num-
ber of filming days was reduced, nests were filmed on days
when group sizes were expected to be at their peak, as pre-
dicted from the 2017 data. Each colony had a single helper
removed as it departed from the nest to forage ~ 1 week after
B1 offspring had emerged (7.8 ± 0.3 days in 2017; 7.4 ±
0.2 days in 2018), as part of another study. These ‘removed
helpers’ were accounted for when calculating the maximum
group size. For example, if the maximum number of helpers
identified from the video playback was 3, but we removed a
helper prior to filming, then the maximum group size for that
colony was recorded as 4. In two cases, the maximum group
size identified from videos was lower than the number of
helpers found during nest excavation. However, in both cases,
one helper was found with a high level of wing damage, which
could have prevented her from leaving the nest to forage.
B2 sex investment ratio
We began to remove buckets from the ground after a mean of
18 days ± 0.5 (2017) and 15 days ± 0.4 (2018) of nest activity
after B1 emergence. For 60% and 31% of nests, the B1 for-
aging phase had ceased prior to excavation in 2017 and 2018
respectively. Each bucket was removed early in the morning
prior to helper activity, and nest entrances were blocked to
ensure all of the adults remained in the nest. Buckets were
then excavated on the day of removal. Coloured talcum pow-
der was used to follow tunnels and locate the brood cells. All
B2 brood and adults (B1 and queens) belonging to each nest
were collected and preserved (B2 brood in tubes of 100%
ethanol, stored at 4 °C; adults in RNAlater, stored at −
80 °C). B2 brood were found at egg, larval and pupal stages.
The sex of each B2 brood was determined bymicrosatellite
genotyping (see section: ‘Microsatellite genotyping and
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relatedness’). To determine the investment ratio (the relative
investment in male and female brood) for each colony, we
multiplied the number of male and female B2 by mean male
and female weight, respectively. Mean male and female
weight was calculated in 2017 by averaging weights across
61 male pupae (0.021 g ± 0.001) and 60 female pupae
(0.036 g ± 0.001), respectively (wet weight; Sartorius CP64).
Measuring individual size
The extent of helper control over the investment ratio could
depend on the outcome of aggressive/coercive interactions
between queens and helpers (Heinze et al., 1994; Ratnieks
et al., 2006; Smith et al., 2011). For example, queens that
are large are likely to be able to physically dominate rela-
tively smaller helpers, thereby reducing helper control.
Queen and average helper absolute wing size difference
(mm) was therefore used as a covariate in analyses of in-
vestment ratios. The forewing was removed and placed
be tween two mic ro s cope s l i d e s , b e fo r e be ing
photographed and measured (× 1.6 magnification on
Leica M165 C; see Online Resource 1 for exact position
of wing measurement).
Microsatellite genotyping and relatedness
B2 brood and adult genotypes (including removed helpers)
were determined using microsatellite genotyping (see
Parsons et al., 2017 for methodology and further details).
In 2017 and 2018, 93% ± 1.4 and 94% ± 0.9 of the total
brood for each nest was successfully genotyped. A mean
of 2.4 ± 0.2 helpers (77% ± 8.0 of the maximum number of
helpers determined from videos) and 2.8 ± 0.2 helpers
(70% ± 4.1 of the maximum) were genotyped for each col-
ony in 2017 and 2018. All samples were genotyped at 16
variable loci (Online Resource 2). Individual sex was
assigned by observing the number of peaks present on
GeneMapper 3.7 (Applied Biosystems). Where individuals
showed a single peak across all loci (indicating homozy-
gosity), they were assigned as male. Individuals with dou-
ble peaks (indicating heterozygosity) were assigned as fe-
male. All female brood belonged to the queen, as B1
helpers did not have the opportunity to mate and lay female
eggs. The queen genotype could be inferred from the ge-
notypes of female brood, so that queen absence/presence
was easily identified. Multiple paternity was identified
among daughters by the presence of a different paternal
allele at 2 or more loci. Helper-laid B2 offspring could be
recognised when there were loci with alleles matching
helper, but not queen, genotypes. Unrelated ‘alien’ B1
helpers were identified when there were two or more loci
where neither B1 allele matched the queen genotype (see
Online Resource 3 for nest compositions). We tested for
linkage disequilibrium (LD) and departure from Hardy-
Weinberg equilibrium (HW) within the 2017 and 2018
datasets using GENEPOP 4.2 (Raymond and Rousset,
1995; Rousset, 2008). To carry out these tests, we selected
one female from each nest to avoid pseudoreplication. To
correct for multiple testing, we used the Benjamin-
Hochberg procedure to control the false discovery rate
(Benjamini and Hochberg, 1995). As a measure of genetic
diversity, we also recorded the number of alleles at each
locus and the observed and expected heterozygosity (full
results presented in Online Resource 4). After correction
for multiple testing, no locus pairs were significant for LD.
One locus deviated from HW in both 2017 and 2018 (LMA
51; Online Resource 4). Mean expected per-locus hetero-
zygosity was 0.78 ± 0.03 and 0.77 ± 0.03 in 2017 and
2018, respectively, confirming that the markers were pow-
erful for inferring colony genetic structure. The probability
of non-detection of a second fathering male was very low
(2017: P = 8.16e−12; 2018: P = 1.47e−11; using Dp equa-
tion from Soro et al., 2009), and the proportion of B2 males
for which maternity was assignable was > 0.999 (equation
from Palmer et al., 2002).
Throughout this study, relatedness between helpers and
different classes of brood were assumed as full sisters =
0.75; half sisters = 0.25 (assumes fathering males were unre-
lated); brothers = 0.25; nephews = 0.375; nieces = 0.375; half
nephews = 0.125; half nieces = 0.125; unrelated = 0. To exam-
ine whether these expected values were close to observed
values, we used Relatedness 5.0.8 Software (Queller and
Goodnight, 1989) to estimate the coefficient of relatedness
(r) among helpers on single paternity nests that were assumed
to be full sisters, and between helpers and aliens that were
assumed to be unrelated. Allele frequencies were estimated
and calculations performed while weighting nests equally.
Standard errors and 95% confidence intervals (95% CI) were
obtained by jackknifing over nests (Queller and Goodnight,
1989). As expected, full sisters showed r-values close to 0.75
(2017: within-nests mean r = 0.74 [95% CI = 0.59–0.89];
2018: within-nests mean r = 0.77 [95% CI = 0.57–0.97]).
Similarly, r-values between helpers and alien helpers were
close to zero (2017: within-nests mean r = 0.10 [95% CI = −
0.22–0.43]; 2018: within-nests mean r = 0.06 [95% CI = −
0.28–0.45]).
Statistical analyses
All statistical analyses were performed in R (version 3.6.1;
R Core Team, 2019). With all generalised linear models
(GLMs) used, we assessed the significance of fixed effects
by using the ‘drop1’ function, which employs log-
likelihood ratio tests to identify terms eligible to be re-
moved from the model, followed by sequential removal
of non-significant terms.
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Colony-level investment ratios in queen-right versus
orphaned colonies
To test whether colony orphaning affected the B2 sex invest-
ment ratio, we used a quasibinomial GLM (‘car’ package: Fox
et al., 2020) with proportional investment in female B2 as the
response variable and presence of the queen (Y/N) and year as
fixed effects.
Other potential correlates of the investment ratio
In queen-right colonies, multiple paternity and the presence of
‘alien’ helpers reduces average relatedness of helpers to fe-
male brood, thereby altering the optimum investment ratio per
colony. For example, helpers are more closely related to full
sisters (r = 0.75) than they are to half sisters (r = 0.25), and
‘alien’ helpers are unrelated to brood produced by the queen.
We assessed howmultiple paternity and the presence of aliens
affected average helper-brood relatedness using a
quasibinomial GLM, with average relatedness of helpers to
female B2 as the response and number of fathers and propor-
tion of alien helpers as fixed effects.
We then tested whether alien helpers and multiple paternity
affected the investment ratio in queen-right colonies, using a
quasibinomial GLM. Proportional investment in female B2
was the response variable and fixed effects were the propor-
tion of alien helpers, number of fathers, group size, number of
days of nest activity (excluding days where no foraging oc-
curred due to inclement weather), queen-helper size difference
and year. In a separate model, we replaced the proportion of
alien helpers and number of fathers with the average related-
ness of helpers to female B2. A potential issue with testing for
an effect of helper-female B2 relatedness in this second anal-
ysis is the inclusion of the genotypes of helpers that we re-
moved from nests. Removed helpers were present during only
the first ~week of brood production.We therefore repeated the
analysis but excluded both removed helpers and pupal brood,
i.e. brood most likely to have been produced before helper
removal. We tested for collinearity between fixed effects
using the ‘vif’ function in R (‘car’ package: Fox et al.,
2020). For all models, VIF scores were low (< 2.5), indicating
no significant collinearity.
Average relatedness of helpers to brood
Using the full dataset, we calculated average relatedness of
helpers to B2 for each colony and compared queen-right and
orphaned colonies. For orphaned colonies, helpers that be-
came egg-layers were included in this calculation. We used
a quasibinomial model, with relatedness as the response var-
iable and presence of the queen (Y/N) and year as fixed ef-
fects. Additionally, a Wilcoxon 1-sample signed ranks test
was used (‘wilcox.test’ function in R) to test whether average
helper-brood relatedness differed from 0.5 in each year.
Relatedness estimates below or equal to 0.5 would suggest
that relatedness benefits alone do not maintain sociality in
L. malachurum.
Results
The frequency of orphanage in the population was high, with
29% (10 out of 35) and 32% (24 out of 74) of colonies having
no queen at the time of nest excavation in 2017 and 2018
respectively. Some orphaned colonies contained both male
and female B2 offspring laid by the original queen (2017:
70%, 7 out of 10; 2018: 67%, 16 out of 24), while other
colonies contained exclusively male B2 produced by unmated
helpers (2017: 30%, 3 out of 10; 2018: 33%, 8 out of 24).
Among queen-right colonies, the number of fathers ranged
from 1 to 3 (mean = 1.23 ± 0.1) to 1–4 (mean = 1.57 ± 0.1) in
2017 and 2018, respectively, with 24% (6 out of 25) and 48%
(24 out of 50) of queen-right colonies showing multiple pater-
nity. Average effective mating frequency (Starr, 1984) across
all queen-right colonies was 1.1 ± 0.05 in 2017 (range 1.2–2 in
multiple paternity colonies) and 1.4 ± 0.07 in 2018 (range 1.2–
3.1 in multiple paternity colonies). A mean of 23% and 28%
of helpers were identified as ‘alien’ in queen-right colonies in
2017 and 2018, ranging between 0 and 100% for individual
colonies. Cases where two or more related aliens were identi-
fied were likely a result of nest usurpation (Paxton et al.,
2002b) in the founding stage, after the original foundress
had already provisioned multiple B1 offspring. Other colonies
had single alien helpers, possibly resulting from the so-called
drifting between nests (e.g. Pfeiffer and Crailsheim, 1998;
Soro et al., 2009) during the helper foraging phase. Helper-
laid male eggs were identified in 12% (2017: 3 out of 25;
2018: 6 out of 50) of queen-right colonies across both years.
In 56% of these cases, an alien helper had laid eggs, and in
22%, the queen had mated multiply. The remaining cases
consisted of a colony where the queen was infected with a
large conopid parasite (identified during dissection) and an-
other colony where the egg-laying helper was unusually large
relative to the queen. In total, 3% of male B2 in queen-right
colonies were helper-laid. Mean helper-female B2 relatedness
for queen-right colonies was 0.54 ± 0.06 in 2017 and 0.47 ±
0.04 in 2018 (see Online Resource 5 for relatedness estimates
per colony).
Colony-level investment ratios in queen-right versus
orphaned colonies
In queen-right colonies, the B2 investment ratio was female-
biased, with a ratio of 2.3:1 in favour of female brood in both
2017 and 2018 (Fig. 1). In contrast, orphaned colonies
invested comparatively more in male brood, with an
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investment ratio of 1:1.1 in favour of male brood in 2017 and
1:1.8 in favour of male brood in 2018 (mean of 1:1.5; Fig. 1).
There was thus a split sex ratio in the population, with queen-
right colonies investing significantly more in the production of
female B2 than orphaned colonies (X21 = 39.7, P = < 0.001).
There was no significant effect of year on investment in fe-
male B2 (X21 = 0.90, P = 0.342).
Other potential correlates of the investment ratio
In a subset of queen-right colonies where information on
group size was available, both the number of fathers (X21 =
66.02, P = < 0.001) and the proportion of alien helpers (X21 =
487.85, P = < 0.001) had independent, negative effects on the
average relatedness of helpers to female B2. However, neither
the number of fathers (X21 = 0.005, P = 0.94) nor the propor-
tion of alien helpers (X21 = 0.34, P = 0.56) had a significant
effect on the investment in female B2. Similarly, investment
in female B2 did not vary with group size (X21 = 0.09, P =
0.76), the relatedness of helpers to female B2 (X21 = 21.2, P =
0.17), the number of days of nest activity (X21 = 2.24, P =
0.13), or year (X21 = 0.02, P = 0.88). However, there was a
significant negative correlation between queen-helper size dif-
ference and investment in female B2: a bigger size difference
was correlated with less investment in female B2 (X21 = 4.37,
P = 0.03; Fig. 2). The effect of helper-female B2 relatedness
on investment in female B2 was qualitatively unchanged
when removed helpers and pupal brood were excluded from
the analysis (Online Resource 6).
Average relatedness of helpers to brood
Mean relatedness of helpers to B2 brood for queen-right col-
onies was 0.40 ± 0.04 and 0.35 ± 0.03 in 2017 (n = 25) and
2018 (n = 50) respectively. For orphaned colonies, mean re-
latedness of helpers (including the primary egg-layer) to B2
brood was 0.50 ± 0.03 and 0.41 ± 0.03 in 2017 (n = 10) and
2018 (n = 24) respectively. There was a marginally significant
trend for orphaned colonies to have higher helper-brood relat-
edness than queen-right colonies (X21 = 3.29, P = 0.07), and


























Fig. 1 Boxplots showing the
distributions of proportional
investment in female B2 relative
to male B2 across colonies for
each nest type in 2017 and 2018.
Proportional investment in
females of 0.5 represents a 1:1
investment ratio. Points represent
individual colonies
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no significant effect of year (X21 = 2.70, P = 0.10). The aver-
age relatedness of helpers to brood when averaged across all
colonies was 0.43 ± 0.03 and 0.37 ± 0.02, for 2017 and 2018
respectively. Helper-brood relatedness did not differ signifi-
cantly from 0.5 in 2017 (V = 192.5, P = 0.12). However,
helper-brood relatedness was significantly lower than 0.5 in
2018 (V = 450, P = < 0.001).
A difference between the two years of our study was that a
greater percentage of nests were still open in 2018 (69%) at
the time of excavation, than in 2017 (40%). If B2 production
is protandrous, it is possible that proportionally more females
would have been produced in 2018 if nests had been left for
longer prior to excavation, so that average helper-brood relat-
edness might be artificially low. Protandry is widespread in
bees and has been demonstrated in a Greek population of
L. malachurum, albeit based on a small number of colonies
(Wyman and Richards, 2003: n = 7; Richards et al., 2005: n =
10). However, as stated above, we found no correlation be-
tween the number of days a nest was active for and the pro-
portional investment in female brood. Additionally, the
proportion of female brood was not significantly correlated
wi th brood deve lopmenta l s t age in e i the r yea r
(Online Resource 6).
Discussion
Halictid bees such as L. malachurum are primitively eusocial,
with recent origins of eusociality (Brady et al., 2006). They
are characterised by small group sizes, low levels of queen-
helper dimorphism and reproductive totipotency in helpers.
We found that a surprisingly large proportion (approximately
one third) of L. malachurum colonies were orphaned before
the end of the nesting cycle. Colonies produced more female-
biased B2 sex investment ratios when the original queen was
present thanwhen a helper had replaced her. This difference in
sex investment based on queen status was at least partly due to
unmatedness constraining helpers to male-only brood produc-
tion. This in turn should drive bees in queen-right colonies to
produce a more female-biased ratio. In queen-right colonies,






























Fig. 2 Scattergraph showing the
relationship between queen-
helper size difference (mm) and
proportional investment in female
B2 relative to male B2.
Proportional investment in
females of 0.5 represents a 1:1
investment ratio. Points represent
individual colonies in 2017 (light)
and 2018 (dark). Lines of best fit
(predicted from the GLM) and
standard errors for each year are
represented by solid and broken
lines respectively
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helpers did not seem to adjust B2 investment ratios in re-
sponse to other factors that reduced average helper-brood re-
latedness (multiple paternity and the presence of unrelated
‘alien’ helpers). However, colonies where the queen was rel-
atively large compared with her helpers produced a less
female-biased B2 brood. Average helper-brood relatedness
was less than 0.5 in both years, significantly so in 2018.
Below we discuss these results in more detail.
Sex investment ratios in queen-right versus orphaned
colonies
We found clear evidence of a split sex ratio, with orphaned
colonies investing more in males (average investment ratio of
1:1.5 in favour of male brood across both years) and queen-
right colonies investing more in females (average investment
ratio of 2.3:1 in favour of female brood across both years).
Trivers and Hare (1976) showed that if helpers in queen-right
colonies are to capitalise on the relatedness asymmetries aris-
ing from haplodiploidy, they should bias brood investment in
favour of females. For orphaned colonies with replacement
queens, it is advantageous to specialise on male production
(Mueller, 1991): helpers are equally related to nephews and
nieces (r = 0.375), and the reproductive value of males will be
high due to the overproduction of females in queen-right col-
onies. In our study, however, orphaned colonies were
constrained to male-only brood production after queen death,
since replacement queens were unable to mate in the absence
of males in the helper phase. This overproduction of males in
orphaned colonies means that helpers in queen-right colonies
can gain inclusive fitness benefits by strategically rearing a
more female-biased sex ratio, without the reproductive value
of females decreasing (Grafen, 1986; Seger, 1983).
Queen versus helper control of the sex investment
ratio
Female-biased investment ratios of the kind we documented
in both years of our study are common in queen-right colonies
of eusocial Hymenoptera, and have been suggested to signify
helper control over the investment ratio (Bourke and Franks,
1995; Chapuisat and Keller, 1999; Trivers and Hare, 1976;
Mehdiabadi et al., 2003). Helpers are expected to favour a
3:1 investment ratio in favour of females in queen-right colo-
nies (Trivers & Hare, 1976), whereas queens favour a 1:1
investment ratio. We now discuss mechanisms that could in-
fluence the effectiveness of helper control in our population of
L. malachurum.
Group size effects
Frank and Crespi (1989) proposed a verbal model in which a
larger number of helpers causes excess provisions per
offspring within a colony, indirectly favouring production of
the sex that is normally larger (females). An experimental
increase in the amount of pollen per brood has indeed been
shown to increase female bias in halictids (Plateaux-Quenu,
1988). It seems feasible that Frank and Crespi’s model could
apply to sweat bees, because eggs are typically laid at the end
of the day (Batra, 1968), so that provisions per offspringmight
depend on the amount of pollen brought back by helpers dur-
ing that day. Consistent with this idea, a study on Halictus
ligatus found a positive correlation between group size and the
weight of pollen masses (Boomsma and Eickwort, 1993).
However, we found no evidence that group size affects the
proportion of females produced by queen-right colonies of
L. malachurum. It is possible that a group size effect could
occur in southern European populations, where more than one
helper-brood results in larger group sizes (Paxton et al.,
2002b; Strohm and Bordon-Hauser, 2003; Soro et al., 2009).
Direct manipulation by helpers
It may be that helpers are able to manipulate the size of pollen
masses more directly through mechanisms that are unrelated
to the size of the group. Although it is helpers that return to the
nest with pollen, it is unclear whether they or the queen are
involved in creating the pollen mass onto which the egg is
laid. Direct involvement from helpers would provide a context
through which they could influence the queen’s sex ratio de-
cisions. Fratricide, which involves the elimination of male
eggs from the nest (e.g. in ants: Chapuisat et al., 1997), could
also enable helpers to modify the sex ratio. Oophagy is a
potential method of fratricide that has been documented in
both queen and helper sweat bees (Halictus poeyi: Packer,
1987; Lasioglossum versatum : Bat ra , 1968) . In
L. malachurum, brood cells are periodically opened after eggs
are laid by the queen (Knerer and Plateaux-Quenu, 1966),
enabling helpers to access the brood. However, we do not
know whether helpers are able to discern the sex of the egg
laid in L. malachurum, or to what extent queen or helper
policing would prevent fratricide.
Informational constraints
If helpers in queen-right colonies are able to fully control the
sex ratio of reproductives, we would expect to see colony-
level sex investment changes in response to differences in
queen mating frequency and the presence of alien helpers
(Boomsma, 1991); however, we did not see such effects.
There was considerable variation in the number of males fa-
thering the B2 brood, but this was not correlated with invest-
ment ratios. Similarly the presence of alien helpers that were
unrelated to both the queen and the brood (26% of helpers)
was not associated with more male-biased sex investment ra-
tios. In fact, there was no overall effect of average relatedness
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between helpers and female brood on investment ratios in
queen-right nests. This superficially contrasts with previous
research by Packer and Owen (1994), who found a positive
correlation between relatedness asymmetry and investment in
female brood in the sweat bee Lasioglossum laevissium. Their
result suggests that helpers can respond to colony genetic
structure to some extent. However, it is possible that helpers
are able to respond to relatedness asymmetries correlated with
obvious environmental cues such as the death of the queen,
but not those caused by multiple paternity or aliens. Cuticular
hydrocarbon cues (Ayasse et al., 1990; Smith and Wenzel,
1988) would be one means of identifying individuals based
on levels of relatedness, but sharing resources within a nest
could affect the reliability of such cues (Sorvari et al., 2008;
van Zweden et al., 2010; reviewed in van Zweden and
d’Ettorre, 2010). An analysis by Soro et al. (2011) identified
a genetic component to odour bouquets in L. malachurum, but
suggested that there is not enough information in these cues to
differentiate between nest mates with varying levels of relat-
edness. In their study, even alien helpers were chemically
indistinguishable from other helpers.
Queen control
Helpers might be expected to counteract reduced relatedness
to the queen’s offspring by laying their own male eggs.
However, we found that helpers produced male offspring in
only 12% of queen-right colonies (3% of males overall were
helper-produced). Variation between L. malachurum popula-
tions in the degree of helper oviposition is thought to result
from differences in the effectiveness of queen control brought
about by geographical variation in group sizes (Paxton et al.,
2002b; Richards et al., 2005), although this remains untested.
While previous research has revealed that some
L. malachurum helpers have developed ovaries (Packer &
Owen, 1994; Richards, 2000; Wyman & Richards, 2003;
Strohm and Bordon-Hauser, 2003; Richards et al., 2005),
there is little direct evidence of helper oviposition. One possi-
ble explanation is that queens exert significant control over
reproduction and sex investment: the relatively small colony
sizes in our population make this feasible. Consistent with this
idea, we found that in both years, colonies with greater queen-
helper size dimorphism invested less in the production of fe-
males. Larger queens may be able to control helper behaviour
more effectively, for example through aggression and/or elim-
ination of helper-laid offspring (Smith and Weller, 1989;
Pabalan et al., 2000; Smith et al., 2019; but see Soro et al.,
2009). It is also plausible that larger queens can more effec-
tively prevent helper oophagy of male brood, and that they are
better able to direct helpers to form smaller pollen masses,
favouring male brood production. As L. malachurum nests
are situated below ground level, we were unable to observe
queen-helper interactions in our field study. However, queens
have been shown to influence helper task management within
laboratory nests of other sweat bee species (Breed and
Gamboa, 1977; Dalmazzo and Roig-Alsina, 2018), although
the effect of queen size is unknown.
Average relatedness of helpers to brood
We found that average relatedness of helpers to the brood that
they rear is 0.37 in queen-right colonies and 0.44 in orphaned
colonies. Helper-brood relatedness was not significantly dif-
ferent from 0.5 in 2017, but was significantly lower than 0.5 in
2018. Other studies of diverse primitively eusocial insects also
suggest values below 0.5, which show that helpers are gener-
ally less related to the brood than they would be if they
reproduced solitarily (Gadagkar et al., 1991; Sumner et al.,
2007; Field, 2008; Brand and Chapuisat, 2016; Gadagkar,
2016). Helper-brood relatedness values equal to or below
0.5 suggest that ecological benefits of helping (Field, 2008),
or perhaps coercion, must help to maintain eusociality, since
helpers could instead produce their own offspring (r = 0.5) by
nesting independently.
Interestingly, we found a marginally significant trend for
helpers to be more closely related to B2 brood in orphaned
colonies than queen-right colonies. A contributor to this is that
alien helpers, which are common in our study population,
reduce average helper-brood relatedness in queen-right colo-
nies where there is little reproduction by helpers. In orphaned
colonies, however, aliens may reproduce themselves as re-
placement queens, or reproduce indirectly when multiple
aliens in the same colonies are sisters, thereby raising average
helper-brood relatedness.
Conclusions
We have identified a split sex ratio in a southern UK popula-
tion of L. malachurum caused by colony orphanage, which
because of unmatedness in replacement queens leads to male-
only offspring production. We found a female-biased invest-
ment ratio in queen-right colonies, suggesting at least partial
helper control over the sex ratio. The extent of female bias was
not correlated with group size or helper-brood relatedness,
despite variation in relatedness caused by alien helpers and
variation in the number of fathers. Queens may have some
degree of control over the investment ratio, since colonies
with greater caste size dimorphism invested less in the pro-
duction of females. Helper-brood relatedness estimates ≤ 0.5
indicate that relatedness benefits alone are not enough to
maintain eusociality in our study population.
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